Resistive switching characteristics of ZrO 2 films containing gold nanocrystals ͑nc-Au͒ are investigated for nonvolatile memory applications. The sandwiched top electrode/ZrO 2 ͑with nc-Au embedded͒/n + Si structure exhibits two stable resistance states ͑high-resistance state and low-resistance state͒. By applying proper voltage bias, resistive switching from one state to the other state can be achieved. This resistive switching behavior is reproducible and the ratio between the high and low resistances can be as high as two orders. The intentionally introduced nc-Au in ZrO 2 films can improve the device yield greatly. ZrO 2 films with gold nanocrystals embedded are promising to be used in the nonvolatile resistive switching memory devices.
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With conventional flash memories approaching their scaling limit, a great amount of research efforts have focused their attention on the next generation memory devices. Recently, reversible and reproducible resistive switching phenomena induced by applied electric field have been extensively studied due to its potential applications in resistive random access memories ͑RRAM͒. 4 and binary transition metal oxides. [5] [6] [7] For organic materials, several research groups have recently demonstrated resistive switching behavior for the organic bistable devices with organic/nanocrystal/organic structure sandwiched between two metal electrodes. [8] [9] [10] However, the organic material is not thermally stable and compatible with the current complementary metal oxide semiconductor technology. This is not the case for binary transition metal oxide such as NiO, 5 TiO 2 , 6 and Cu x O. 7 Compared with the other complex composition materials, they have the advantages of simple structure and easy fabrication process. Lee In this letter, we report a resistive switching memory device utilizing gold nanocrystals embedded in the zirconium oxide layer. The top metal electrode/ZrO 2 layer with gold nanocrystals embedded/n + Si memory cell is fabricated and investigated for the nonvolatile memory application.
The resistive switching memory devices in this study are fabricated as follows. After chemically cleaning the n + silicon wafer, three sequential layers of ZrO 2 / Au/ ZrO 2 ͑with thickness of 25/2/25 nm, respectively͒ are deposited on the substrate via e-beam evaporation. Postdeposition annealing process under several temperatures ͑700, 800, and 900°C͒ is carried out in N 2 ambient ͑3 l / min͒ for 2 min in order to crystallize ZrO 2 , passivate the defects in the film, and induce the formation of gold nanocrystals ͑nc-Au͒. Finally, 50 nm thick square-shaped Au top electrodes are evaporated and defined by the lift-off process. To confirm the role of nc-Au in resistive switching phenomenon, control samples without nc-Au in ZrO 2 matrix are simultaneously fabricated with the same process. The current-voltage ͑I-V͒ characteristics of the fabricated cell are analyzed by Keithley 4200 semiconductor characterization system at room temperature. sample with Au layer embedded and annealed at 800°C. The gold nanocrystals can be clearly seen to be embedded in the ZrO 2 matrix. Figure 1͑b͒ shows the x-ray diffraction ͑XRD͒ patterns of ZrO 2 film ͑without Au layer͒ deposited by e-beam evaporation annealed at different temperatures. As is shown that, for the as-deposited films, there are no obvious diffraction peaks, indicating an amorphous structure. ZrO 2 film after postdeposition annealing is polycrystalline. For the samples with 2 nm Au layer embedded, the same trend of x-ray diffraction patterns as Fig. 1͑b͒ is observed.
The resistive switching behavior and memory effect of the structure are observed in the current versus voltage ͑I-V͒ curves. Four types of samples are electrically investigated: samples with Au layer and annealed at 800°C ͑denoted as sample Au-800͒, samples with Au layer and as-deposited ͑sample Au-as͒, samples without Au layer and annealed at 800°C ͑sample N-800͒, and samples without Au layer and as-deposited ͑sample N-as͒. Figure 2 depicts the typical I-V curves of sample Au-800. As can be seen, a conspicuous I-V hysteresis is observed when the bias is swept back and forth. Resistive switching from the low-resistance state ͑LRS or on state͒ to the high-resistance state ͑HRS or off state͒ is induced in voltage sweep mode by increasing the voltage up to a value ͑which we here define as V reset ͒ where a sudden decrease in current I is observed. The current of the off state increases with increasing the voltage bias in the negative direction, and a rapid switching from off state to on state can be achieved at a negative bias voltage ͑which we define as V set ͒. At a proper reading voltage ͑e.g., 0.5 V͒, the resistance ratio between the two states ͑HRS/LRS͒ is nearly two orders. Thus enough margins for sensing the different resistance states are confirmed.
In order to clarify the influence of nc-Au and annealing process on the resistive switching behavior, I-V characteristics of the control samples ͑samples N-800, Au-as, and N-as͒ are also investigated. It is found that the as-deposited samples ͑samples Au-as and N-as͒ exhibit poor or nearly no resistive switching behavior. For the annealed samples ͑samples Au-800 and N-800͒, reproducible bipolar resistive switching phenomena are observed in most of the cells. The resistive switching behavior is independent of the existence nc-Au. Indeed, several groups have already reported resistive switching behavior of ZrO 2 without heterogeneous materials. [11] [12] [13] Au nanocrystals manifest their effect in the device yield. Figure 3 shows the device yield ͑percentage of the working cells͒ for four types of samples. It is recently reported that doped metal oxides show better device yields.
14 As a matter of fact, our samples with nc-Au embedded are somewhat comparable to the doping process in metal oxides. By far, although a variety of transition metal oxides have been found to have the resistive switching characteristics and several hypothetical models have been proposed to account for the resistive switching phenomena, for instance, "trap charging and discharging," 5 and "forming and rupture of conductive filaments," 6 the switching mechanism is still not clear yet. According to the electrical characteristics observed, we infer that the resistive switching behavior in our samples may be due to electron trapping and detrapping in nc-Au dispersed in ZrO 2 , which is similar to the mechanism proposed by Lee et al. to explain the resistance switching behavior for Zr + excess nonstoichiometric ZrO2 films. 11 When electrons are injected and trapped in nc-Au by applying a positive voltage ͑e.g., V reset ͒, an interior electric field is built in the ZrO 2 layer, resulting in the decrease of the conductivity and thus the increase of the resistance, which corresponds to the reset process. When a negative voltage ͑e.g., V set ͒ is applied, electrons are ejected out of the nc-Au and as a result, the conductivity increases, corresponding to the set process.
According to the resistive switching mechanisms proposed above, it is obvious that the defects and the traps in the ZrO 2 film play an important role in resistive switching behavior. Since the ZrO 2 film is deposited rather than grown as a single crystal, it is of an imperfect nature with a large number of defects. Moreover, a variety of materials reported to possess the resistive switching characteristics are all involved with defects. For example, metallic defects, 5 oxygen vacancies, 6 dislocations, 15 and intentionally metal doping. 2, 3, 14, 16 In general, there are mainly two kinds of defects in the functional ZrO 2 film in our case. One is the naturally formed defects such as dislocation, grain boundary, and vacancy. The other is the intentionally introduced nc-Au, acting as the electron traps. Obviously, it is not easy to exactly control the naturally formed defects. Defects in the functional ZrO 2 film vary from cell to cell and thus lead to unstable resistive switching performances. The introduction of nc-Au, which is more controllable, provides another dimension in modulating the traps in ZrO 2 film. As a result, the device yield can be improved since trap concentrations are more uniform and homogeneous in each cell. Figure 4͑a͒ shows the result of cycling tests for sample Au-800. More than 100 times of set/reset cycles without sensing margin deterioration have been demonstrated. Figure 4͑b͒ shows the current of the HRS and LRS versus the number of switching cycles at 0.5 V reading voltage. As is shown, at least 50 times ratio between HRS and LRS can be guaranteed, large enough for the periphery circuits to probe the different resistance states. The nonvolatile characteristics of the fabricated memory devices are also investigated. Figure 5 shows the variation of the resistance with time at both the HRS and LRS for sample Au-800. As can be seen, the variation of LRS and HRS resistance after 1000 seconds is found to be very little, confirming the nonvolatile nature of the device.
In summary, the top electrode/ZrO 2 with nc-Au embedded/n + Si sandwich structure is fabricated for the nonvolatile memory applications. The intentionally introduced nc-Au, acting as the electron traps, provides an effective way to improve the device yield. The fabricated devices possess the properties of reversible and reproducible resistance switching, nondestructive readout, good cycling performance, and nonvolatility. As a result, high potentiality of ZrO 2 films with nc-Au embedded for the nonvolatile resistive switching memory applications is confirmed. 
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